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(54) Monitoring of nonlinear effects in an optical transmission system 



(57) An optical transmission system comprises a 
number of optical terminals connected by optical 
waveguides such as optical fibres. Nonlinear processes 
occurring within an optical transmission medium of the 
waveguide or within the optical terminals Is detected by 
a monitor which outputs monitored data representative 
ol the products of nonlinearity The data is used to con- 
trol the power of the optical signal such that power is 
regulated to avoid the onset of the nonlinear process. 
The data may also be used to indicate an alarm condi- 
tion to an operator. A monitor for four wave mixing de- 
tection utilises dither signals applied to respective fre- 



quency components of a wavelength division multi- 
plexed signal, products of the four wave mixing process 
being detected in the monitor by correlation between a 
sample of a received optical signal and reference data 
representative of dither induced modulation in the four 
wave mixing product. Mutually orthogonal dither wave 
forms are derived from pseudo-random sequences and 
applied as low frequency modulations to transmitted op- 
tical signals. Such monitors allow optical power to be 
controlled and assist in locating defective equipment re- 
quiring remedial action. The invention has application to 
long haul optical transmission systems. 
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Description 

Field of the Invention 

This invention relates to methods and apparatus for 
transmitting optical signals in an optical transmission 
system with optimum power while avoiding degradation 
ol the optical signal due to nonlinear processes occur- 
ring in an optical transmission medium constituting a 
component of the optical transmission system. 

Background of the Invention 

It is generally desirable in optical transmission sys- 
tems for optical signals to be transmitted via optical 
waveguides of the system at high power levels in order 
to maintain sufficient signal to noise ratios over extend- 
ed transmission distances such that an acceptably low 
level of bit error rate is present in the received optical 
signal. Optical waveguides such as optical fibres how- 
ever comprise an optical transmission medium which 
exhibits nonlinear effects at high power levels, resulting 
in degradation of the optical signal. Nonlinear effects 
may similarly occur within optical terminals of the sys- 
tem in optical transmission media of components such 
as optical amplifiers. The optimum power level at which 
optical signals could be transmitted is typically the max- 
imum power level at which significant degradation due 
to nonlinearity is avoided. Since the performance of var- 
ious optical components within the system having re- 
spective optical transmission media will vary with oper- 
ating conditions and age or component replacement, a 
safety margin is allowed in setting the maximum power 
level when designating the system. Consequently, it is 
typically the case that optical transmission systems will 
operate at power levels which are less than the optimum 
power level. 

A further problem is that an individual optical com- 
ponent torming part of the optical transmission system 
may suffer a sudden or gradual loss of performance but 
without total failure such that unacceptable degradation 
of system performance characterised by the presence 
of the products of a nonlinear process occurs. Often it 
may then be difficult to locate the faulty component. 

Of particular concern in considering nonlinear proc- 
esses are the effects of four wave mixing, particularly in 
relation to WDM (wavelength division multiplexed) opti- 
cal transmission systems having a number of frequency 
channels separated by a substantially uniform frequen- 
cy channel spacing such that each frequency channel 
may potentially become corrupted with the product of 
four wave mixing associated with respective pairs of oth- 
er frequency channels. 

In the example shown in Figure 2(a), four channels 
having frequencies co,, Og, © 3 and co 4 are transmitted 
with equal power. 

Considering photon interactions between the cog 
and a>3 channels only, the four wave mixing process may 



take the form 

Equation 1 ; co 1 = 2co 2 - a> 3 _ a> 2 - Ao 

5 

or 

Equation 2: a> 4 = 2a> 3 - a> 2 _ eo 3 + A© 

w 

where A© is the frequency separation between chan- 
nels. 

The products of four wave mixing between photons 
in channels and co 3 therefore occur at frequencies 

15 and cd 4 as illustrated in Figure 2(b), resulting in a loss of 
power from the channels and CO3 and interference in 
the wavelength bands around go, and co 4 . 

For an analysis of nonlinear processes the reader 
is referred to "Nonlinear Fiber Optics", Second Edition, 

20 Govind P. Agrawal, 1 995 and in particular to Chapter 1 0 
which deals with four-wave mixing. Problems associat- 
ed with four-wave mixing are discussed in US 5,41 0,624 
which proposes using dissimilar wavelength channel 
spacings to avoid interference. The onset of nonlinearity 

25 with increasing levels of optical power is discussed in 
US 5,420,868 which proposes amplitude and phase 
modulation of components of an optical beam to sup- 
press Stimulated Brillouin Scattering. The cumulative 
effect of all degradations in a system can be determined 

30 by eye measurements as described in US 4,823,360. 
The individual sources of degradation cannot however 
by distinguished. 

It is known from US 5,512,029 to modulate the op- 
tical signals such that each single wavelength channel 

35 Is modulated with a high speed data stream and a re- 
spective low speed, small amplitude dither signal. The 
dither signals are mutually orthogonal pseudo-random 
sequences which can be reliably identified by digital cor- 
relation techniques in a performance monitoring appa- 

40 ratus. By monitoring a received optical signal, the per- 
formance of components of an optical transmission sys- 
tem in terms of the effects of random noise processes 
is measured by comparing the modulation depth in the 
decoded dither signal with the known modulation depth 

45 of the transmitted dither signal. Defects in components 
of the system may thereby be delected by observing 
changes in signal to noise measurements obtained by 
monitoring the dither modulation depth. 

This technique however does not provide any epe- 

50 cific sensitivity to the products of nonlinear processes. 
Furthermore, none of the above references provide a 
satisfactory technique for monitoring and controlling 
nonlinear processes within an optical transmission sys- 
tem. 

55 

Summary of the Invention 

It is an object of the present invention to provide ap- 
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paratus and method for monitoring optical signals in an 
optical transmission system to detect degradation ot the 
optical signal due to nonlinear processes. 

It is a further object of the present invention to pro- 
vide a method of controlling the optical power of an op- 
tical signal so as to avoid the onset of nonlinear proc- 
esses. 

According to the present invention there is dis- 
closed an optical transmission system comprising; 

a plurality of optical terminals; 
optical waveguide means interconnecting the opti- 
cal terminals and operable to conduct optical sig- 
nals therebetween; and 

at least one of the waveguide means and the optical 
terminals comprising an optical transmission medi- 
um susceptible to a nonlinear process at high power 
levels of the optical signal; 
wherein at least one optical terminal comprises 
monitoring means operable to monitor degradation 
of the optical signals consistent with the nonlinear 
process occurring in the optical transmission medi- 
um and to output monitored data representative of 
such degradation. 

In the context of the present invention, the term op- 
tical terminal is to be understood to include transmitters, 
receivers, repeaters or other processing elements to 
which the waveguide means are connected, and in par- 
ticular including elements of the system which comprise 
optical amplifiers. 

Preferably the optical terminal comprises an alarm 
indicating means responsive to the monitored data and 
operable to provide an alarm indication indicative of 
such degradation being detected. 

It is thereby possible to provide the system with one 
or more alarms which will alert an operator to the need 
to undertake investigative or remedial action, possibly 
be replacing a component containing the optical trans- 
mission medium upstream of the monitoring means. 

The alarm indicating means may provide a remote 
or local alarm. 

The monitored data may also be input to a control 
means operable to control the power level of the optical 
signal. When nonlinear processes are detected, the 
power level may be reduced until the monitored data no 
longer indicates the presence of products of the nonlin- 
ear process. The integrity of the transmitted data may 
therefore be maintained, subject to the effects of oper- 
ating at a reduced power level. 

Preferably the monitoring means is operable to de- 
tect products of four wave mixing. Where the optical sig- 
nals are wavelength division multiplexed with a plurality 
of single frequency channels separated by a substan- 
tially uniform frequency channel spacing, the monitoring 
means may be operable to detect products of four wave 
mixing in at least one of the single frequency channels. 

Since prevailing data transmission standards typi- 



cally require substantially uniform frequency channel 
spacing, a particular problem is that the products of four 
wave mixing cause interference and cross-tafk in adja- 
cent frequency channels. The monitoring of such proc- 
5 esses to provide an alarm or power control feedback 
therefore provides significant advantages in preserving 
the integrity of the transmitted data and channel sepa- 
ration. 

According to a preferred embodiment, an optical 

10 transmission system comprises signal modulating 
means operable to modulate the single frequency chan- 
nels with respective high speed data streams and dither 
modulation means operable to modulate the single fre- 
quency channels with respective low speed, small am- 

15 plitude dither signals. 

An advantage of such dither modulation is to pro- 
vide each of the transmitted frequency channels with a 
marker which can be identified by a correlation process 
in the received optical signals in the event of there being 

20 cross-talk or cross-channel interference resulting from 
four wave mixing. 

Preferably the monitoring means comprises sam- 
pling means operable to detect an optical signal sample 
of the optical signal after having been transmitted 

25 through the optical transmission medium and further 
comprising a processor operable to perform a correla- 
tion between the optical signal sample and reference 
data representative of dither induced modulation in the 
four wave mixing product to obtain a correlation value 

30 constituting said monitored data. 

Preferably the reference data comprises at least 
one spectral template derived from a predetermined 
pseudo-random sequence encoded in a respective dith- 
er signal. 

35 According to a further aspect of the present inven- 
tion there is disclosed a method of controlling the optical 
power of an optical signal in an optical transmission sys- 
tem; the method comprising the steps of; 

40 conducting an optical signal in an optical transmis- 
sion medium susceptible to a nonlinear process at 
high power levels of the optical signal; 
determining the optical power of the optical signal 
by action of a variable gain device; 

45 monitoring the optical signal by operation of a mon- 
itoring means so as to detect degradation of the op- 
tical signal consistent with a nonlinear process oc- 
curring in the optical transmission medium; 
outputting monitored data from the monitoring 

so means representative of such degradation; and 

controlling the variable gain device by operation of 
a control means responsive to the monitored data 
such that the level of degradation as indicated by 
the monitored data remains within a predetermined 

55 limit. 

According to a further aspect of the present inven- 
tion there is disclosed monitoring apparatus for use in 
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an optical transmission system comprising sampling 
means operable to sample a received optical signal to 
provide sampled data, a processor operable to correlate 
the sample data with reference data representative of a 
product of a four wave mixing process being present in 
the received optical signal; and means for outputting 
monitored data representative of the detection of prod- 
ucts of the four wave mixing process. 

Brief Description of the Drawings 

Embodiments of the present invention will now be 
described by way of example only and with relerence to 
the accompanying drawings of which; 

FIGURE 1 is a schematic diagram of an optical 
transmission system in accordance with the present 
invention; 

FIGURE 2 is a schematic representation at 2(a) of 
the spectrum of a four channel WDM signal and at 
2(b) the effects of four wave mixing on components 
©2 and © 3 of the signal; 

FIGURE 3 is a schematic diagram of an optical 
transmission system having four frequency chan- 
nels and dither modulation means for applying 
small amplitude dither signals to each channel; 

FIGURE 4 is a schematic flow chart illustrating the 
operation of the processor of the system shown in 
Figure 3; 

FIGURE 5 is a schematic diagram of an alternative 
optical transmission system in which the multi- 
plexed signal is analysed without frequency sepa- 
ration; and 

FIGURE 6 is a schematic flow chart illustrating the 
operation of the processor of the system of Figure 5. 

Figure 1 shows schematically an optical transmis- 
sion system 1 having a first optical terminal 2 connected 
to a second optical terminal 3 by an optical waveguide 
4 in the form of a single mode optical fibre. The optical 
waveguide 4 conducts optical signals 5 through an op- 
tical transmission medium 6 in the form of doped silica. 

The first optical terminal 2 includes a multiplexer 7 
which combines single frequency components 8, 9, 10 
and 11 to form the optical signal 5, the single Irequency 
components having respective frequencies ©■, , CO2, ©3, 
©4 which are separated by a substantially uniform fre- 
quency spacing A© as shown in Figure 2(a). The ampli- 
tudes of the single frequency components 8 to 11 are 
controlled by variable gain transmitter components 12, 
13, 14 and 15 respectively under the control of a con- 
troller 16. Each of the variable gain transmitter compo- 
nents 12 to 15 comprises a source modulated to carry 



ten Gbits per second at 1 0 mwatts according to OC-1 92 
standard digital transmission hierarchy. 

The second optical terminal 3 comprises a receiver 
17 for receiving the optical signal 5 and a monitor 18 

5 operable to detect and quantify the presence in the re- 
ceived optical signal 5 of degradation of the optical sig- 
nal consistent with a nonlinear process having occurred 
in the optical transmission medium 6. An example of 
how such a monitor 18 may function in respect of de- 

10 tecting a specific nonlinearity in the form of four wave 
mixing will be described below with reference to Figures 
3 to 6. 

The monitor 18 provides monitored data 19 which 
is communicated to the controller 1 6, by being encoded 

15 into overh ead bits of a f u rther optical signal (not shown) 
transmitted from the second optical terminal 3 to the first 
optical terminal 2. 

The monitor 18 is also connected to a local alarm 
indicator 20 for indicating to an operator an alarm indi- 

20 cation in response to the detection of the products of a 
nonlinear process in the received optical signal 5 in ex- 
cess of a predetermined threshold. 

The monitored data 1 9 is also communicated to a 
remote alarm indicator 21 which in the present example 

25 is located at the first optical terminal 2. The remote alarm 
indicator 21 is similarly operable to provide to an oper- 
ator an alarm indication in response to the detection of 
the products of a nonlinear process in the received op- 
tical signal 5 in excess of the predetermined threshold. 

30 The controller 1 6 consists of a micro-controller pro- 
grammed to reduce the gain of variable gain transmitter 
components 12 to 15 in the event that signal degrada- 
tion due to nonlinearity is detected by the monitor 18, 
thereby reducing the launched power level of the optical 

35 signal 5 until the products of the nonlinear process are 
no longer detected or are within an acceptable tolerance 
set by the predetermined threshold. The optical trans- 
mission system 1 may thereby be operated at a power 
level which exceeds its nominal design specification and 

40 may achieve operation at its optimum power level since, 
if the optimum power level is exceeded, the onset of 
nonlinear processes will be detected and the power re- 
duced. 

The monitoring of a specific nonlinear process in the 
45 form of four wave mixing is now described with refer- 
ence to Figure 3 using corresponding reference numer- 
als of preceding Figures where appropriate. In Figure 3, 
an optical transmission system 1 comprises first and 
second optical terminals 2 and 3 connected by an optical 
50 waveguide 4 for the transmission of a WDM optical sig- 
nal 5 comprising frequency channels ©2, ©3, and © 4 
with substantially uniform frequency separation A©. 

The first optical terminal 2 comprises transmitters 
12, 13, 14 and 15 for providing the channels © 1( ©g, © 3 , 
55 and © 4 respectively, each transmitter being constituted 
by a respective optical source 22 in the form of a semi- 
conductor laser, a respective optical modulator 23 for 
modulating the output of the source and respective line 
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encoders 24 providing appropriate electric signals tothe 
modulator to achieve high speed data modulation and 
electric signals to modulate operation of the source 22 
to provide low speed dither modulation. 

The line encoders 24 apply dithers having wave 
forms d v d 2 , d 3 and d 4 respectively which modulate the 
signal amplitude of channels co v co^ ©3, and co 4 with a 
modulation depth of 0.6%. As known from US 
5,513,029, such dither also has the beneficial effect of 
suppressing nonlinear effects such as Stimulated 
Brillouin Scattering. 

The dither wave forms d 1 , d 2 , d 3 and d 4 are mutually 
distinct wave forms composed of smoothed triangular 
pulses in a pseudo-random sequence, each sequence 
being a64bit Miller encoded pseudo-random sequence 
stored in a 128bit sequence and read repeatedly from 
memory so as to continuously apply dither to the optical 
signals. The respective dithers are selected to be mu- 
tually orthogonal and orthogonal to the signal data so 
that the pseudo-random sequences can be reliably 
identified by digital correlation techniques. In this way, 
any interference or cross talk due to photons from one 
channel crossing into another channel can be detected 
since the dither applied to each channel acts as a mark- 
er which will be superimposed as an amplitude modu- 
lation in all channels to which the photons contribute in- 
terference. In the present context, orthogonality of 
waveforms is achieved if there is no overlap between 
the Fourier transforms of the waveform. This can be 
achieved, for example, where two waveforms have no 
spectral components in common. The dither waveforms 
in the present example have a bandwidth of 10 to 100 
KHz. 

After combining the channels in multiplexer 7, opti- 
cal signal 5 is transmitted via the optical transmission 
medium 6 of the optical waveguide 4 to the second op- 
tical terminal 3 where the channels are demultiplexed in 
demultiplexer 25 before being received in receivers 26. 
The second optical terminal 3 contains a monitor 18 
which is shown schematically in the context of monitor- 
ing the products of four wave mixing at frequency © 4 
from the channels ©2, © 3 . It is to be understood, how- 
ever, that monitoring of each of the channels is in prac- 
tice undertaken in order to detect four wave mixing prod- 
ucts from each available combination of channel fre- 
quencies. 

An optical tap 27 extracts a sample of channel © 4 
and directs the sample to an opto-electronic conversion 
device in the form of a PIN diode 28, the current output 
of which is converted to a voltage signal by means of a 
transconductance amplifier 29. The output of the 
transconductance amplifier 29 is converted to digital 
form by an analogue to digital converter 30 and input to 
a processor 31. The processor 31 is that processor 
which performs overall control functions of the second 
optical terminal 3 and it is therefore envisaged that the 
processing of the optical tap output is undertaken as an 
additional software task of the existing processor 31 . 



The manner in which the processor 31 analyses the 
© 4 sample is illustrated in Figure 4 in the form of a sche- 
matic flow chart of the software utilised. The © 4 sample 
wave form is input at step 50, the sample being that of 

5 the envelope of the received optical signal co 4 channel, 
limited in bandwidth by the PIN diode circuit 28 to the 
bandwidth of the dither signals. A fast Fourier transform 
is then performed on the sample at step 51 in readiness 
to perform a digital correlation with a selected dither 

10 wave form. Taking as an example the four wave mixing 
process of Equation 2, the presence of the four wave 
mixing product in the sample co 4 envebpe will be char- 
acterised by an amplitude modulation which can be de- 
scribed as a polynomial of 05 and d 3 of which the first 

15 order term pfj> is given by Equation 3; 

Equations; P* 1) =2d 3 -d 2 

20 in general, however, the relative phase of cfe and d 3 
will not be known at the processor 31 so that a correla- 
tion with either d 3 or d 2 will suffice to detect Pty, the 
product of four wave mixing from channels ©3 and a^. 
In this example, we takethecase of correlation to detect 

25 d 3 . 

The digital correlation technique used in the proc- 
essor 3 1 rel ies on reference data in th e form of a spectral 
template calculated for the pseudo-random sequence 
assigned to d 3 . The template is calculated by performing 
30 a fast Fourier transform on the sequence and deriving 
the complex conjugate of the resulting discrete Fourier 
spectrum. The resulting data is collapsed lor storage by 
eliminating data which is not required because the orig- 
inal sequence is real valued and eliminating zero values 
35 which add no further information to the spectral tem- 
plate. This reference data is made available to the proc- 
essor 31 as predetermined reference data. 

As indicated in Figure 4, the fast Fourier transform 
of the fl) 4 sample is multiplied by the d 3 spectral template 
40 at step 52 to derive a spectrum 53 revealing the corre- 
lation between d 3 and the © 4 sample. 

The spectrum 53 is then converted to the time do- 
main by an inverse fast Fourier transform at step 54 to 
obtain a time domain output characterised by a peak val- 
45 ue D 3 and phase angle <J) 3 which are respectively repre- 
sentative of the extent to which correlation reveals the 
presence of d 3 and the detected phase ang le of the dith- 
er d 3 in the © 4 channel. 

The peak value D 3 is quantified at step 55 and com- 
50 pared with a threshold level L at step 56 and, if the 
threshold level L is exceeded, an alarm indication 57 is 
flagged such that the processor 31 outputs an alarm in- 
dication to the alarm indicator 20 for the attention of an 
operator. The peak value D 3 is also made available as 
55 an output of the processor 31 and is transmitted to the 
controller 16. 

The sampling process is repeated from step 50 
thereby producing a series of output values D 3 . The 
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processor may include the additional step ot processing 
the output values D 3 in a digital fitter 59 before finally 
providing an output to the controller 16 at step 60, the 
quantitative accuracy of the output value D 3 thereby be- 
ing enhanced. 

The output value D 3 may be utilised by the control- 
ler 1 6 to reduce the signal power of channel by var- 
ying the gain of the ©3 channel source 22 or by means 
of the ©3 source optical modulator 23 under the control 

01 the ©3 channel line encoder 24. The power of channel 
003 may thereby be reduced until the output value D a re- 
duces to below the threshold level L, it then being indi- 
cated by the monitor 18 that the four wave mixing non- 
linearity resulting in interference in channel o> 4 is re- 
duced to within acceptable limits specification. The 
alarm indication generated during the above process 
identifies the occurrence of a nonlinear process in the 
optical transmission medium 6 which may, after scrutiny 
by an operator, require remedial action such as, for ex- 
ample, the replacement of an optical waveguide 4. In a 
complex optical transmission system including numer- 
ous optical terminals, the inclusion of a monitor 18 in 
each receiving terminal enables the sources of nonlin- 
earity to be readily located, as for example in the case 
of a long haul transmission with a number of repeating 
optical terminals. 

A further embodiment will now be described using 
corresponding reference numerals to those of preced- 
ing Figures where appropriate for corresponding ele- 
ments. The further embodiment relates to an optical 
transmission system 1 shown in Figure 5 in which an 
optical signal 5 transmitted from a first optical terminal 

2 to a second optical terminal 3 is amplified by an optical 
amplifier 32 for re-transmission without a demultiplexing 
stage. An optical tap 27 and PIN diode 28 provide a sam- 
ple envelope of the multiplexed optical signal which is 
processed via a transconductance amplifier 29 and an- 
alogue to digital converter 30 to provide an input to a 
processor 31 . The location of the optical tap 27 is down- 
stream of both the optical fibre 4 and the optical amplifier 
32, each of which comprises a respective optical trans- 
mission medium susceptible to nonlinear processes at 
high levels of optical signal power. 

Since the multiplexed signal sample will always cor- 
relate with each of the dither waveforms d v d 2 , d 3 and 
d 4 , a different strategy must be adopted in the processor 
31 to identify the effects of four wave mixing. It can be 
shown that the component of power corresponding to 
the product of four wave mixing at frequency co 4 resulting 
from the process of Equation 2 can be expressed as a 
polynomial in terms of dg and d 3 in which a second order 
term P*f is given by Equation 4; 

Equation 4; P (2) 4 = 2d 2 d 3 + (d 3 ) 2 

The presence of four wave mixing product by this 
process can therefore be detected by a correlation be- 



10 

tween this second order term P^> and the multiplexed 
signal sample. However, in order to form a template for 
ptj it is necessary to determine the relative phase <J> 3 - 
$2 between the received dither signals d 3 and d 2 so that 

5 the expression given in Equation 4 can then be calcu- 
lated and the template formed by taking the complex 
conjugate of the Fourier transform of the combined 
waveform. To determine <fe and <|> 3 , the procedure of 
steps 51 to 55 of Figure 4 is followed in respect of d 3 

10 and d 2 respectively. 

The resulting spectral template for P^> is then uti- 
lised in the processor 31 as outlined in the schematic 
flow chart of Figure 6. 

In Figure 6, the multiplexed signal is sampled and 

15 input to the processor at step 60 and a fast Fourier trans- 
form of the sample performed at step 61 . A correlation 
procedure corresponding to steps 52 to 55 described 
above with reference to Figure 4 is then conducted in 
respect of the received dither signal cfe using a spectral 

20 template for d2 in order to determine D 2 and <J> 2 , the am- 
plitude and phase outputs of the correlation step. Simi- 
larly at step 63, D 3 and 4> 3 are determined in respect of 
the received d 3 dither signal. 

At step 64, the values of <t 2 and <J> 3 are used to de- 

25 termine the second order term of Equation 4 and to form 
a spectral template accordingly. At step 65, the template 
produced in step 64 is multiplied by the fast Fourier 
transform produced in step 61 to provide an output spec- 
trum of which an inverse fast Fourier transform is formed 

30 at step 66, resulting in a time domain output giving a 
peak value V which is quantified in step 67. 

The peak value V is a measure of correlation be- 
tween the second order term of P^) Equation 4 and the 
multiplexed signal sample of step 60. in the absence of 

35 four wave mixing between channels and 0*3, V would 
have a zero value. In the presence of such four wave 
mixing as defined in Equation 2, however, V will have a 
finite value which is tested against a threshold level L in 
step 68. If the threshold L is exceeded, an alarm indica- 

40 tion is flagged at step 69 and the value of V output to 
the controller 16 at step 70. The output value of V may 
be processed by an appropriate digital filter 59 and the 
filtered value V communicated to controller 16 at step 
60. 

45 As indicated above in accordance with the method 
described with reference to Figures 3 and 4, the process 
of Figures 5 and 6 will in practice be repeated for each 
of the possible four wave mixing processes i.e. to detect 
interference in each of the signal components co 1p 

50 ©3 and © 4 . By feed back to the first optical terminal 2, 
appropriate correction by gain adjustment can be made 
to reduce the power of the appropriate frequency com- 
ponent in order to avoid four wave mixing. An alarm in- 
dication similarly may be used to alert an operator to the 

55 possible need for remedial action. 

Alternative forms of monitor 18 are also envisaged 
in accordance with the present invention in its broader 
sense as described with reference to Figure 1 . If for ex- 
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ample an optical signal is received by a second optical 
terminal 2 having a demultiplexer 25 and optical tap 27 
sampling a specific frequency channel © 4 as shown for 
example in Figure 3, four wave mixing product may be 
measured by removing the © 4 channel power transmit- 
ted by transmitter 15, the monitor 18 then being opera- 
ble to measure any residual power sampled in frequen- 
cy channel © 4 in the received optical signal. This resid- 
ual power may then be interpreted as being the sum of 
four wave mixing product and ASE (Amplified Sponta- 
neous Emission). Four wave mixing product can how- 
ever be readily distinguished from ASE by carry out 
spectral analysis on the sample since the ASE will nor- 
mally have a white noise spectrum whereas the four 
wave mixing product will have a defined peak which can 
be measured to quantify the four wave mixing product. 
The required monitor therefore comprises a sampling 
circuit 27, 28, 29, 30 and processor 31 for spectral anal- 
ysis, etc. Channel power switching maybe implemented 
under appropriate algorithms programmed in the con- 
troller 1 6 or supervised by a network management sys- 
tem. 

Af urtheraltemative method of monitoring four wave 
mixing is to measure power robbing, i.e. the effect dem- 
onstrated in Figure 2(b) in which the peak values at oog, 
©3 are decreased by power robbing when power is 
transferred to frequencies ©j , © 4 as a result of four wave 
mixing. In the example of Equation 2 and Figure 2(b), 
the received power level at ©3 can be monitored and the 
transmitted power at ©2 interrupted by turning off the 
transmitter component 13 so that the process of Equa- 
tion 2 could no longer occur; if the received power at ©3 
increases during the interruption, this would be indica- 
tive of power robbing and the difference in received pow- 
er in channel ©3 could be quantified to provide moni- 
tored data representative of the four wave mixing prod- 
uct. Again, the interruption of power in selected chan- 
nels may be implemented by appropriate software in 
controller 16 or supervised by a network management 
system. 

Instead of interrupting the ©2 signal entirely, a tem- 
porary reduction in power at transmitter component 13 
by say 3db could alternatively be utilised. 

Alternatively, the monitor 18 could be operable to 
receive power level data representative of the level of 
transmitted power at ©2 and also power level data for 
the received power at ©2 The monitor could then calcu- 
late from this data a measure of power loss between 
transmission and reception. By sequentially setting the 
power level of ©2 to a series of different power levels 
and conducting loss measurements, any variation of 
loss with increasing power ley el can be detected. In- 
creasing loss at higher power levels would indicate the 
presence of a nonlinear process. The process need not 
necessarily however be a four wave mixing process. 

The methods described above with reference to 
Figures 3 and 4 and with reference to Figures 5 and 6 
apply dither as a modulation superimposed upon a data 



carrier. The dither may alternatively be applied to spe- 
cific low frequency test data patterns transmitted at in- 
tervals between data transmission, similar correlation 
methods being used to those described above but 
5 based upon the entire data channel to provide increased 
accuracy. 

The monitor 18 may alternatively respond to mod- 
ulation in frequency of each frequency component of the 
optical signal 5, thereby replacing the use of dither sig- 

10 nals as a means of marking the individual frequency 
channels. Frequency modulation of channel ©3 for ex- 
ample would result in frequency and amplitude modula- 
tion in the four wave mixing product present in sampled 
channel © 4 either of which could then be detected by 

15 the monitor. 

Although described above with reference to the de- 
tection of nonlinear processes in an optical waveguide 
4, the monitor may be bcated so as to detect nonline- 
arity arising in other systems or devices if those systems 

20 or devices include an optical transmission medium in 
which nonlinear effects may occur. For example, the 
monitor may be located downstream of an optical am- 
plifier such as a bi-directional optical amplifier consisting 
of an erbium doped fibre. The monitor may alternatively 

25 be placed downstream of an optical cross-connect or 
other optical switching device. Where such a device is 
software controlled, the monitor may utilise a processor 
in common with the software controller of the device. 
A particular advantage of the embodiments of Fig- 

30 ures 3 to 6 is that the invention may be retrofitted to ex- 
isting systems by adding signal sampling components 
27 to 30 and inputting the sampled data to existing proc- 
essors of the system, supported by appropriate soft- 
ware. The present invention may therefore be imple- 

35 mented in many instances at minimal cost. 

Communication between the processor 31 and con- 
troller 1 6 may be implemented in a number of manners. 
In general, where bi-directional communication is pro- 
vided between optical terminals 2 and 3, the monitored 

40 data 19 may be communicated to the controller 16 in a 
return transmission. If for example OC-1 92 format is be- 
ing utilised, the existing data communications channel 
may be utilised. If however, access to the data channel 
is not conveniently available, an optical service channel 

<5 with a dedicated frequency may be ut il ised, for examp le, 
using 1510 nm transmission at 5 Mbits per second. The 
monitor 18 would in this instance be required to have a 
transmitting source 6uch as a laser diode. 

The present invention as described with reference 

so to Figu re 1 has application to nonlinear processes other 
than four wave mixing and in particular parametric proc- 
esses such as harmonic generation and parametric am- 
plification. 
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Claims 

1. An optical transmission system comprising; 
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a plurality of optical terminals; 
optical waveguide means interconnecting the 
optical terminals and operable to conduct opti- 
cal signals therebetween; and 
at least one of the waveguide means and the 
optical terminals comprising an optical trans- 
mission medium susceptible to a nonlinear 
process at high power levels of the optical sig- 
nal; 

wherein at least one optical terminal comprises 
monitoring means operable to monitor degra- 
dation of the opticat signals consistent with the 
nonlinear process occurring in the optical trans- 
mission medium and to output monitored data 
representative of such degradation. 

2. An optical t ransmission system as claimed in Claim 

1 wherein the at least one optical terminal compris- 
es an alarm indicating means responsive to the 
monitored data and operable to provide an alarm 
indication indicative of such degradation being de- 
tected. 

3. An optical t ransmission system as claimed in Claim 

2 wherein the alarm indicating means is operable 
to provide the alarm indication at a remote location 
relative to the at least one optical terminal. 

4. An optical transmission system as claimed in any 
of Claims 1 to 3 comprising control means respon- 
sive to the monitored data and operable to control 
the power level of the optical signal. 

5. An optical transmission system as claimed in any 
of Claims 1 to 4 wherein the monitoring means is 
operable to detect products of four wave mixing. 

6. An optical t ransmission system as claimed in Claim 

5 wherein the optical signals are wavelength divi- 
sion multiplexed with a plurality of single frequency 
channels separated by a substantially uniform fre- 
quency channel spacing and wherein the monitor- 
ing means is operable to detect products of four 
wave mixing in at least one of the single frequency 
channels. 

7. An optical t ransmission system as claimed in Claim 

6 comprising signal modulating means operable to 
modulate the single frequency channels with re- 
spective high speed data streams and dither mod- 
ulation means operable to modulate the single fre- 
quency channels with respective low speed, small 
amplitude dither signals. 

8. An optical transmission system as claimed in any 
preceding Claim, wherein the monitoring means 
comprises sampling means operable to detect an 
optical signal sample of the optical signal after hav- 
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ing been transmitted through the optical transmis- 
sion medium and further comprising a processor 
operable to perform a correlation between the opti- 
cal signal sample and reference data representa- 
5 tive of dither induced modulation in the four wave 
mixing product to obtain a correlation value consti- 
tuting said monitored data. 

9. An optical transmission system as claimed in Claim 

10 8 wherein the reference data comprises at least one 
spectral template derived from a predetermined 
pseudo-random sequence encoded in a respective 
dither signal. 

15 10. A method of controlling the optical power of an op- 
tical signal in an optical transmission system; the 
method comprising the steps of; 

conducting an optical signal in an optical trans- 
it? mission medium susceptible to a nonlinear 
process at high power levels of the optical sig- 
nal; 

determining the optical power of the optical sig- 
nal by action of a variable gain device; 
25 monitoring the optical signal by operation of a 

monitoring means so as to detect degradation 
of the optical signal consistent with a nonlinear 
process occurring in the optical transmission 
medium; 

30 outputting monitored data from the monitoring 

means representative of such degradation; and 
controlling the variable gain device by opera- 
tion of a control means responsive to the mon- 
itored data such that the level of degradation 

35 as indicated by the monitored data remains 

within a predetermined limit. 

1 1 . Amethod as claimed in Claim 1 0 wherein theoptical 
signal is multiplexed to comprise a plurality of single 

40 frequency channels and wherein the monitoring 
means detects degradation of the single frequency 
channels whereby the variable gain device in re- 
sponse to the monitored data separately controls 
the power of the single frequency channels such 

45 that the level of degradation as indicated by the 
monitored data remains within a predetermined lim- 
it in respect of each one of the single frequency 
channels. 

50 12. A method as claimed in Claim 1 1 wherein the single 
frequency channels are separated by a substantial- 
ly uniform frequency channel spacing and wherein 
the monitoring means detects products of four wave 
mixing in at least one of the single frequency chan- 

55 nels. 

13. A method as claimed in Claim 11 or 12 including the 
step of modulating the single frequency channels 
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with respective high speed data streams and with 
respective low speed, mutually orthogonal, small 
amplitude dither signals; and wherein the monitor- 
ing step comprises correlating a sample ol the op- 
tical signal with reference data representative of 5 
dither induced modulation in the products of four 
wave mixing to obtain a correlation value constitut- 
ing said monitored data. 

14. Monitoring apparatus for use in an optical transmis- 10 
sion system comprising sampling means operable 

to sample a received optical 6ignal to provide sam- 
pled data, a processor operable to correlate the 
sample data with reference data representative of 
a product of a four wave mixing process being is 
present in the received optical signal; and means 
for outputting monitored data representative of the 
detection of products of the four wave mixing proc- 
ess. 

20 

15. Monitoring apparatus as claimed in Claim 14 com- 
prising an optical tap co-operable with an optical 
wave guide carrying the received optical signal, a 
photoelectric conversion device operable to con- 
verting the output of the optical tap to an electrical 25 
signal and means for inputting signal data repre- 
sentative of the electrical signal to the processor. 
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